INTRODUCTION
In higher plants, dehydroquinase (DHQase) (EC 4.2.1.10) and shikimate dehydrogenase (SDH) (EC 1.1.1.25), are functional domains shared by a single protein (Boudet and Lecussan, 1974; Mousdale et al., 1987) of the common pathway of aromaticamino-acid biosynthesis (steps 3 and 4). In microbial eukaryotes these domains comprise part of the larger pentafunctional AROM protein which catalyses steps 2-6 of the common pathway (Smith and Coggins, 1983) . Genes encoding the latter proteins from Saccharomyces cerevisiae (arom 1) and Emericella (Aspergillus) nidulans (aromA) have been sequenced (Charles et al., 1986; Duncan et al., 1987) . Bacteria thus far studied possess monofunctional DHQase and SDH proteins. The corresponding monocistronic genes, aroD and aroE, have been cloned and sequenced in Escherichia coli (Duncan et al., 1986; Anton and Coggins, 1988) . Gene sequences for aroD are also available from Salmonella typhimurium (Servos et al., 1991) , Bacillus subtilis (Sorokin et al., 1993) and Enterococcus faecalis (Bensing and Dunny, 1993) .
The present paper provides an initial report of the molecular cloning of cDNA encoding the bifunctional DHQase-SDH (AroD. E) from a higher plant. An analysis of the relationship with homologue sequences in both prokaryotes and lower eukaryotes is also given.
MATERIALS AND METHODS Materials
A yZAP II Nicotiana tabacum cDNA library kit was purchased from Stratagene (La Jolla, CA, U.S.A.). All molecular-biological supplies, including the Magic Miniprep DNA purification kit, were purchased from Promega (Madison, WI, U.S.A.). AroD. E antibody was prepared by Kel-Farms (Alachua, FL, U.S.A.). Antibody-purification kit and Bradford reagent were purchased from Bio-Rad (Rockville Center, NY, U.S.A.). Dithiothreitol (DTT) was purchased from Research Organics (Cleveland, OH, U.S.A.). Dehydroquinate (90% pure) was chemically prepared (Haslam et al., 1963 thio-fl-D-galactoside-treated nitrocellulose filters and screened with AroD. E-specific polyclonal antibody. Antibody was raised in a rabbit by injection of a 1000-fold pure AroD.E sample purified from N. silvestris suspension cells [growth conditions were as described by Bonner et-al. (1988a) ] by a series of chromatographic steps which included a NADP-specific (2',5'-ADP-Sepharose-4B; Pharmacia, Piscataway, NJ, U.S.A.) affinity column (C. A. Bonner and R. A. Jensen, unpublished work) . Antibody was purified on DEAE Affi-Gel Blue EconoPac I ODG columns, followed by incubation with an E. coli lysate and precipitation of contaminating non-specific serum proteins. Five putative cDNA clones were purified by subsequent secondary and tertiary screening. These were further prepared for DNA purification by a Magic Miniprep DNA kit. Sequencing of purified cDNA was performed on an automated Li-Cor (Lincoln, NE, U.S.A.) sequencer utilizing fluorescently labelled dideoxynucleotides. The cDNA clone labelled SP3 was subcloned to obtain fragments for complete sequencing of the 2 kb cDNA in both directions.
Expression of cDNA encoding the AroD. E bifunctional protein
The pBluescript plasmids carrying the cloned cDNA inserts were transformed into competent E. coli aroD and aroE auxotrophic cells. Cells were grown on minimal medium plates (plus 100 ,ug/ml ampicillin) without aromatic amino acids. Prototrophic transformants were inoculated into 1-litre flasks with 200 ml of Luria-Bertani/ampicillin medium, incubated for 8 h at 37 'C, washed and resuspended in potassium phosphate buffer, pH 7.6, containing 20 % glycerol and 1.0 mM DTT. Cells were sonicated, centrifuged at 150000 g at 4 'C for 1 h, and desalted on PD-10 Sephadex columns (Pharmacia, Piscataway, NJ, Abbreviations used: DHQase.SDH, dehydroquinase-shikimate dehydrogenase; DTT, dithinthreitol.
* To whom correspondence should be addressed. The nucleotide sequence of Nicotiana tabacum cDNA encoding bifunctional DHQase.SDH will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the accession number L32794. U.S.A.). SDH (Bonner et al., 1988b) and DHQase (Haslam et al., 1963) (Devereux et al., 1987) . Figure 3 Multiple alignment of N. tabacum AroD-with known homologues
Invariant residues in each cluster (see Figure 2a) (Devereux et al., 1987) , which uses the method of Feng and Doolittle (1987) , and are shown in Figure 2 . Two clusters are present in each dendrogram, with Nta AroD E grouping with the monofunctional proteins. Thus each domain component of the bifunctional plant enzyme is evolutionarily closer to prokaryotic homologues than to homologues present in lower eukaryotes (yeast and fungi).
The DHQase domain of AroD-E is aligned with its homologues in Figure 3 . Four amino acids were reported to be important catalytic residues for the E. coli AroD protein. His-143 (Deka et al., 1992) , Lys-170 (Chaudhuri et al., 1991) , Met-23 and Met-205 (Kleanthous and Coggins, 1990) are conserved in all homologues having AroD catalytic activity, except for Met-23 (which is conserved, however, in N. tabacum). It has been suggested that the repressor proteins which regulate quinate catabolism in Neurospora crassa (QAIS) (Geever et al., 1989) and in E. nidulans (QUTR) (Hawkins et al., 1992) Figure 4 Multiple alignment of N. tabacum -AroE with known homologues
Invariant residues in each cluster (see Figure 2b) Figure 4 . This domain is also homologous with the catabolic quinate dehydrogenase (QDH) of E. nidulans (QUTB) (Hawkins et al., 1988) and N. crassa (QA3) (Geever et al., 1989 Hawkins et al. (1993) ]. This is striking in that the former differ in substrate specificity, whereas the latter do not.
A conserved glycine-rich region of the proposed Rossmanfold motif for NAD(P)H binding (Wierenga et al., 1986 ) is underlined in Figure 4 . The residue position known to be acidic for NAD+-specific enzymes (as is 
